We evaluate the performance of a mid-infrared emission spectrometer operating at wavelengths between 1.5 and 6 μm based on an amorphous tungsten silicide (a-WSi) superconducting nanowire single-photon detector (SNSPD). We performed laser induced fluorescence spectroscopy of surface adsorbates with sub-monolayer sensitivity and subnanosecond temporal resolution. We discuss possible future improvements of the SNSPDbased infrared emission spectrometer and its potential applications in molecular science. Hamilton, J. K. W. Yang, and K. K. Berggren, "781 Mbit/s photon-counting optical communications using a superconducting nanowire detector," Opt. Lett. 31(4), 444-446 (2006). Tamaki Shaw, D. Kumor, R. Mirin, and S. W. Nam, "A near-infrared 64-pixel superconducting nanowire single photon detector array with integrated multiplexed readout," Appl.
Introduction
Technologies for infrared single-photon detectors have emerged during the last few decades. These include HgCdTe avalanche photodiodes [1] , single-photon up-conversion [2] , transition edge sensors [3] and superconducting nanowires [4, 5] . The superconducting nanowire single-photon detectors (SNSPDs), for example, have demonstrated high efficiency (> 90% at 1.55 μm wavelength) [6] [7] [8] [9] , low timing jitter (< 20 ps) [10, 11] , high count rates (> 10 MHz) [12, 13] , and low intrinsic dark count rates (< 1 Hz) [6, 14] . Although SNSPDs operate at low temperatures (typically 4K or below), miniaturized and low-maintenance cryogen-free systems are now developed and commercially available [15] [16] [17] , making them a key enabling technology for various near-infrared applications, including fundamental test of quantum optics [18] , quantum key distribution [19] , space-to-ground optical communication [20] , light detection and ranging (LIDAR) [21] , and singlet oxygen luminescence detection [22] . Extension of such performance into the mid-IR opens a path to a wide range of applications where extremely high sensitivity and excellent temporal resolution is required for molecular spectroscopy.
One approach employed fabrication of ultra-narrow (< 50 nm) nanowires with superconducting materials such as NbN [23, 24] ; however, the requirement of narrow widths significantly reduces the yield for large-area detectors due to fabrication imperfections. Another approach exploits new superconducting nanowire materials -e.g. amorphous tungsten silicide (a-WSi) alloy. This allows efficient detection for mid-infrared photons with standard nanowire width (on the order of 100 nm) owing to its smaller superconducting gap energy and structural homogeneity [14] . SNSPD devices based on WSi developed by Nam et. al. have demonstrated saturated internal quantum efficiency from 2.1 to 5.5 μm wavelength [25] Using a WSi SNSPD, we have recently published a preliminary report [26] demonstrating nanosecond time-resolved laser-induced infrared fluorescence (LIIF) spectroscopy of a sample of 1400 layers of CO molecules adsorbed to the surface of a cooled NaCl crystal. Upon laser excitation of the CO vibrational overtone transition (0→2) at 2.47 µm, vibrational energy pooling leads to controlled amounts of light emission at wavelengths between 2 and 7 µm. The aim of that paper was to describe to the physical chemistry community the possible applications of SNSPD technology in molecular spectroscopy. It describes what is needed to implement SNSPDs in a spectrometer-geometry typical for a community that is largely unaware of this technology. Since that time, we have extended our studies in an effort to fully characterize the properties of WSi SNSPDs in the mid-IR. This paper reports two key findings. First, we have made quantitative measurements of detection limits of the WSi SNSPD in the mid-IR. We show that strong LIIF signals can be obtained from samples of CO on NaCl(100) with monolayer and sub-monolayer coverage levels, sample quantities less than 1/1000th of that used in [26] . In addition, for the first time we combine a ps-laser with this spectrometer to probe its ultimate time response. We demonstrate temporal resolution below 1 ns, about 5000 × faster than a commonly used infrared InSb semiconductor detector. Figure 1 (a) depicts the a-WSi SNSPD-based mid-infrared emission spectrometer used in this work. Either laser-induced infrared fluorescence from surface adsorbates or blackbody radiation from a thermal light source (~1350 K globar) is collected and sent through a grating monochromator. Dispersed fluorescence photons exiting the monochromator pass through multimode mid-infrared As 2 S 3 fiber (core diameter of 100 μm) and are detected by the SNSPD, voltage pulses from which are amplified and counted by a fast multichannel scaler (100 ps minimum bin time). The SNSPD used in this work is composed of amorphous tungsten-silicon alloy (a-W x Si 1-x ) [14] and has an optical stack structure [ Fig. 1(b) ] optimized for mid-infrared photon detection. It is 100 nm wide on a pitch of 350 nm and 3.5 nm thick, patterned into a compact meander-geometry to form a single detector pixel covering an area of 16 µm × 16 µm. A constant DC bias current below the critical superconducting current is passed through the nanowire, which is held at 0.3 K in a closed-cycle 4 He/ 3 He refrigerator. Absorbed incident photon energy leads to local breakdown of superconductivity across the width of the nanowire, inducing a transient resistance. This is detected as a voltage pulse in the constant-current circuit [5] . The entire optical path is shielded from blackbody background by cooling (7 K and 90 K) and radiation shielding. A more detailed description of the experimental system can be found in [26] . Figure 2 presents measured absolute detection efficiencies (DE) of the fiber-SNSPD assembly used in this work. We determine the absolute detection efficiency by calibration against an InSb detector placed inside the monochromator [26] for which the sensitivity is specified by the manufacturer. This calibration accounts for the difference in detector sizes and is performed at several wavelengths and transferred to other wavelengths by means of the known relative globar emissivity, wavelength-dependent monochromator transmission and attenuation due to any IR filter used. Figure 2 (a) shows scans of the bias current (I b ) at several wavelengths between 1.5 and 6 μm. For each wavelength the photon counting rate (PCR) of the SNSPD is recorded as I b is scanned from zero to the current at which the nanowire switches from the superconducting to the normal state (I sw = 6.5 μA). This measurement is repeated with the globar blocked, and the difference curve is calculated. Figure 2 (b) shows the same data when normalized to the response at I sw . For λ < 3μm, a plateau (i.e., DE does not increase with increasing I b ) is reached below I sw , a sign of saturated internal quantum efficiency [14] . At longer wavelengths, the plateau is not reached. For λ > 2μm, DE drops exponentially with λ -the rate of exponential fall-off is strongly dependent on I b [ Fig. 2(c) ]. At the highest I b ( = 6.5 μA) possible with this detector, DE drops by one order of magnitude between 2 and 6 μm. For λ = 1.5 μm, DE is reduced by the optical stack-see Fig. 2 
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Detection efficiency of the fiber-SNSPD assembly in mid-IR
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The maximum DE at λ = 2 μm is 0.5% and reflects the mismatch in sizes between the fiber (100 μm core diameter) and the SNSPD (16 μm × 16 μm). When correcting for this spatial overlap loss, the maximum DE may be as high as 15% at λ = 2 μm. Normalized spectrum response of the WSi SNSPD plotted on a linear scale to illustrate the plateau in DE. At each wavelength, the measured I b scan curve is normalized to the photon counting rate (PCR) at I sw . The 1.5 μm curve is noisy because of the low photon flux and the low system detection efficiency; (c) Wavelength-dependent DE obtained from data in Fig. 2 (a) at several fixed I b . The error bars are only shown for I b = 5.5 μA data for clarity. The relative errors are in the range of 30%-50%, estimated based on uncertainties of the relative globar light intensity, the grating efficiency, and the SNSPD PCR measurements. The right-y axis shows the QE value when the size is matched between the SNSPD and the fiber, which results in 30 times higher fiber-coupling efficiency; (d) Wavelength-dependent optical absorption of the WSi SNSPD simulated based on parameters of the optical stack described in Fig. 1(b) . The black absorption curve is the average of the TE mode (red curve) and TM mode (blue curve) absorption curves.
Spectrometer sensitivity and temporal response: LIIF spectroscopy of CO on NaCl(100)
Previously we showed that the SNSPD-based emission spectrometer can be used to observe mid-infrared emission in the range of 1.9-7.1 µm, originating from a multilayer (~1400 layers) CO sample on NaCl (100) [26] . Here, we exploit the detection limit of the spectrometer by performing LIIF measurements with reduced CO coverage at the NaCl(100) surface. Figure 3 shows a comparison of FTIR absorption [ Fig. 3(a) ] and LIIF excitation spectra [ Fig. 3(b) ] from a single monolayer (ML) and from a sub-monolayer (0.3 ML) sample of CO on NaCl (100). The sub-monolayer spectral feature is much broader (~4 cm −1 ) than that of the monolayer (FWHM < 0.2 cm −1 ) indicating heterogeneous broadening in the 0.3 ML sample. This is likely due to CO forming in different sized islands on the NaCl surface. This also reduces both the peak IR absorbance and the peak LIIF fluorescence intensity of the 0.3 ML spectrum compared to that of the ML sample. Fig. 3 . Infrared spectroscopy of a monolayer and a sub-monolayer (~0.3 monolayer) sample of 13 C 18 O on NaCl (100) at T s = 7 K. (a) FTIR absorption spectra in the fundamental transition (v = 0→1) region; (b) LIIF excitation spectra (red circle points). Here, the total first overtone fluorescence was measured with the monochromator grating replaced by a gold mirror. The red solid lines are a Gaussian peak fit for the monolayer spectrum and an empirical multipleGaussian peak fit for the submonolayer spectrum. For the submonolayer and monolayer spectra data 1000 laser shots (ca. 1.7 minutes) and 100 laser shots (10 seconds) were averaged, respectively. The signal integration time window was 0.05-1.05 ms and the SNSPD bias current was 4 μA. The same FTIR spectra shown in (a) are overlapped for comparison.
We characterise the time response of the spectrometer using short mid-IR laser pulsessee Fig. 4 . Here, the temporal profile of a few-nanosecond long pulse from a 10 Hz Qswitched Nd:YAG pumped optical parametric amplifier is easily resolved (measured FWHM = 4.7 ± 0.2 ns), while the temporal profile of a 30-ps laser pulse (EKSPLA [27] , model PL2231, 50 Hz, FWHM ≈30 ps) is limited (FWHM = 0.6 ± 0.2 ns) by the SNSPD detection system. When the nanosecond laser pulse is measured with a commercial liquid nitrogen cooled InSb semiconductor detector (Judson Technologies J10D-M204-R02M-60), the detector response time is shown to be about 3 µs. Fig. 4 . Temporal profiles obtained with the WSi SNSPD illuminated by scattered light pulses from a nanosecond (empty squares) and a picosecond laser (filled squares). Both lasers emit at λ = 4.9 μm. The laser intensities were heavily attenuated so that much less than one photon per pulse was detected. The measured laser profiles (100 ps/point) are fitted with Gaussians (black solid lines) to yield the FWHM values. The picosecond laser pulse has a specified FWHM ≈30 ps. The inset graph shows the response time of the InSb detector to the scattered nanosecond laser pulse.
Discussion
The WSi SNSPD used here shows saturated internal quantum efficiency at λ = 1.5 μm, 2.0 μm and 2.5 μm [ Fig. 2(b) ], consistent with previous reports [6, 14, 25] . The detection efficiency of the fiber-SNSPD assembly can be decomposed as
where η fiber is the fiber transmission, η couple is the geometric coupling efficiency, η absorb is the absorption efficiency and QE η is the internal quantum efficiency. The fiber transmission includes transmission into and out of the fiber end facets and through the fiber itself. Ignoring propagation loss in the short (~1 m) fiber, the high refractive index (n = 2.4) of the chalcogenide fiber leads to reflection loss induced η fiber ≈ 0.69. The geometric coupling efficiency describes how well the optical mode exiting the fiber spatially overlaps the active area of the detector. Assuming light is uniformly distributed across the 100 μm-diameter fiber core, η couple ≈ 0.033 to the 16 × 16 μm 2 detector active area. η absorb is the probability that a photon incident on the detector's active area is absorbed in the detector. The internal quantum efficiency is the probability that a photon coupled to and absorbed in the detector leads to an output voltage pulse. Previously, in the near-IR, it has been shown that a saturated DE -which does not increase with increasing bias current -is an indication that η QE ≈ 1 [6, 25] .
Figure 2(d) shows simulations of absorption efficiency in the nanowire; these were performed using the rigorously coupled wave analysis (RCWA [28]) method with code designed to optimize the optical absorption in the detector at a given wavelength. Optical constants of the materials, including the WSi thin film, were extracted from measurements of the film thickness combined with measurements of the reflection and transmission over a wavelength range of 1 to 7 μm. Light polarized along the length of the nanowires (TE mode) is expected to be much more strongly absorbed than the orthogonal polarization (TM mode). At λ = 2 μm, the simulation predicts η absorb = 0.2 when averaged over all polarizations. Using the values η fiber ≈ 0.69, η couple ≈ 0.033, η absorb = 0.2 and η QE = 1, we predit an overall efficiency of 0.46%, very close to the measured value of 0.5%. At λ = 3 μm, the predicted η absorb ≈0.39, yielding an expected DE ≈0.9%, roughly a factor of five larger than the measured value; a small part of this discrepancy can be attributed to the DE not quite reaching saturation at this wavelength (η QE < 1), but other factors, such as imperfect simulations or wavelengthdependent losses from other optical elements, must also contribute to this discrepancy. At wavelengths longer than 2.5 μm, the internal quantum efficiency drops at a fixed bias current, because disrupting superconductivity across the entire width of the nanowire becomes less probable with decreasing photon energy.
We next calculate the noise equivalent power (NEP) of the SNSPD-based spectrometer using measured values of the absolute detection efficiency DE [ Fig. 2(c) ] and the system background count rate R b in the range of 2-36 kHz with I b = 6.5 μA [26] . For this we use the relation below [29] :
(2) Figure 5 shows wavelength dependent NEP of the fiber-SNSPD assembly (solid circles) compared to that of a commercial InSb detector (solid line). The InSb detector NEP is 100-1000 times higher over this mid-IR range. While the NEP of the InSb detector is limited by its intrinsic dark current, the NEP of the SNSPD-based spectrometer still has a large room for improvement. For example, by using a larger detector or detector array to match the fiber-SNSPD size, the DE can be increased 30-fold. Also, with more careful black body radiation shielding and more efficient monochromator cooling, it will be possible to reduce the background count rate towards the intrinsic dark count rate < 1 Hz [14] of the SNSPD. With such ideas successfully implemented, it will be possible to obtain a NEP level of ~10 −18 / W Hz at wavelengths as long as 6 μm. To emphasize this, Table 1 shows a side-by-side mid-IR performance comparison between the WSi SNSPD and the InSb detector. Fig. 5 . b the 7 μm cutoff is limited by the fiber optics [26] ; can be extended to longer wavelengths using freespace coupling, and the detection efficiency vs. wavelength curve can be engineered by optical stack designing and optimization; c the 5.5 μm cutoff is limited by the band-gap energy of the InSb semiconductor material.
By comparison, it has proven possible to improve the NEP of an InSb detector to ~10 -15 / W Hz ; however, this slowed the detector time-response to ~0.1 s [30] . By contrast, the temporal response of SNSPDs has been previously shown to be better than 20 ps [10, 11] , which is a key advantage for all studies requiring high time-resolution. Recently, we showed how an ultrafast SNSPD was necessary to reveal vibrational energy pooling in a CO crystal occurring on the nanosecond time-scale. In that work, the time resolution was limited by the duration of the nanosecond laser pulses [26] . In Fig. 4 of this paper we have demonstrated a temporal resolution of 600 ± 200 ps. The observed system time response is believed to be dominated by the electrical noise of the readout circuit of the SNSPD device [6] and/or the temporal dispersion of the multimode mid-IR fiber. A fiber-free setup is presently being implemented in our laboratory and electrical noise will be further minimized by using a cryogenically cooled readout circuit. These improvements are expected to further improve the temporal response.
Sensitivity may also be dramatically improved. The SNSPD device used in this work has an active area 1000 × smaller than a typical InSb detector. Despite this, we were able to measure dispersed infrared fluorescence from a sub-monolayer of CO on NaCl (100), which is not possible with an InSb detector [31] . A 64-pixel a-WSi SNSPD array has recently been demonstrated [32] with an area of ~0.5 mm × 0.5 mm and 25% fill factor. Thus, there is much room to improve detector sensitivity. We also point out that the LIIF measurements on CO adsorbates on NaCl were performed with lasers operating at a repetition rate of 10 Hz -this was important as the fluorescence lifetimes are on the order of 10 −3 s. For studies where fluorescence lifetimes are shorter, high repetition rate lasers can be used. Modern fiber lasers operate at repetition rates higher than 100 MHz. Using similar data acquisition times as those used in the current work, we could anticipate successful studies on systems with much smaller fluorescence quantum yields and accordingly shorter fluorescence lifetimes.
The SNSPD-based detection system described here is potentially an extremely sensitive infrared emission spectrometer for surface adsorbates. Using a liquid-helium-cooled grating monochromator equipped with a Si:Sb photoconductive infrared detector, Richards and associates [33] [34] [35] have detected infrared emission originating from vibrational modes of CO (C-Ni stretching vibration at ~470 cm −1 and C꞊O stretching vibration at ~2000 cm −1 ) adsorbed on a Ni(100) surface at room temperature. King and associates [36] [37] [38] designed a liquidhelium-cooled FTIR spectrometer with a 0.3 K Cd-doped Ge bolometric detector for ultrasensitive detection of thermal emission from surface-adsorbates. The bolometer detectors used in the experiments mentioned above have exhibited extremely low NEP (< 8 × 10
Hz ) in the detector-noise-limited regime, which is comparable to our current fibercoupled SNSPD system (see Fig. 5 ). They also have a flat sensitivity response over a wide spectral range into the far-IR region, albeit with a very slow response time on the order of milliseconds. With careful shielding of blackbody background and efficient detector coupling, an infrared emission spectrometer equipped with SNSPDs is expected to be able to provide more information on adsorbate vibrational dynamics, due to its high sensitivity and excellent temporal response. We also note that the use of WSi SNSPDs at wavelengths beyond the cutoff wavelength of InSb is extremely promising.
Finally, the superior mid-infrared performance of the WSi SNSPD demonstrated here may also prove useful for single-molecule infrared fluorescence spectroscopy and microscopy. Typical values of system detection efficiency for modern single-molecule fluorescence microscopy (SFM) systems at visible wavelengths are in the range of 1%-8% [39] . The system detection efficiency, SDE = F coll × F opt × DE, is a product of the fluorescence collection factor F coll , the optical transmission factor F opt including optical loss and IR filter transmission, and the detector efficiency DE. The value of SDE for the current SNSPD detector system described here is as low as 4 × 10 −6 at λ = 4 μm, with F coll = 0.005 (primarily limited by the acceptance angle (16°) of the monochromator), F opt = 0.8 and DE ≈0.1% (limited by the fiber coupling loss). With a similar fluorescence collection optical configuration as those used for visible SFM systems [39] and using free-space coupled SNSPDs or larger detector arrays, it is feasible to obtain a value of 10% for F coll and 10% for DE, leading to a ~1% system detection efficiency in the mid-IR. Therefore, mid-IR SNSPDs can potentially be used to extend the SFM technique from visible to the mid-IR region.
Summary
We have demonstrated a ultra-high sensitivity and sub-nanosecond temporal response from a WSi SNSPD based emission spectrometer employing LIIF spectroscopy of CO molecules at a NaCl (100) surface. We determine the noise equivalent power (NEP) of the current SNSPD detector system from 2 μm (4 × 10 / W Hz ). This sensitivity is more than 100 × better than that of a semiconductor-based InSb detector from 2 to 6 µm. There remains significant room for improvement of the current system detection efficiency. The internal quantum efficiency of the a-WSi nanowire is determined to be close to unity at 1.5-2.5 µm wavelengths and remains above 10% extending to longer wavelengths up to 6 µm. The high detection sensitivity in the mid-IR combined with the ultrafast temporal response of the WSi SNSPDs is expected to be useful in a broad range of applications in molecular science.
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